1. Introduction {#sec1}
===============

The development of new synthesis tools for the production of biologically and industrially relevant compounds fuels the efforts of the chemistry community. In this context, the biaryl motif is ubiquitous among a wide range of compounds, many of them of industrial importance.^[@ref1]^ Transition-metal-catalyzed cross-coupling reactions are the most powerful methods for the construction of the biaryl skeleton.^[@ref2]^ Although highly effective, this approach requires prefunctionalization of both coupling partners. In recent years, transition-metal-catalyzed C--H activation has emerged as a promising route toward the direct functionalization of organic compounds.^[@ref3],[@ref4]^ In particular, direct C--H arylation, the coupling of an arene (C~Ar~--H) with an aryl halide (C~Ar~--X), is developing as an atom- and step-economical and environmentally friendly approach to biaryls. Although using a C--H bond as a functional group surrogate is highly attractive, controlling which C--H site is activated represents a considerable challenge.^[@ref4],[@ref5]^ The installation of a directing group (DG) on the arene, capable of coordinating the metal catalyst and facilitating C--H activation via cyclometalation, is often the most reliable option to enhance reactivity of a particular C--H bond.^[@cit4h],[@cit4i]^ However, the DG is seldom a necessity after the C--H functionalization event and may have to be removed, decreasing the overall atom economy of the method.

Among all the transition metals, palladium has been the most studied to date. Nevertheless, the chemistry of ruthenium, which has lagged behind that of palladium by almost a quarter of a century, is growing exponentially and is revealing itself to be a viable alternative.^[@cit4h],[@ref6]^ The use of ruthenium can represent a significant economic advantage because it is more than 10 times cheaper (\$258/mol) than palladium (\$2798/mol).^[@ref7]^ Developing the coordination chemistry of ruthenium allows the foremost primary and basic mechanistic factors behind the discovery of new chemical transformations to be better understood, potentially accessing unique reactivities and selectivities.

In the context of C--H activation, DGs have consistently been required for the functionalization of arenes by ruthenium ever since Lewis and Smith reported the first Ru-catalyzed C--C bond formation in 1986.^[@ref8]^ Murai, Chatani, Kakiuchi et al., initiated the use of ruthenium(0) catalyst precursors, showing the utility of ortho-ruthenated species as catalytic intermediates for hydroalkylation and hydroalkenylation,^[@ref9]^ silylation,^[@ref10]^ and arylation with arylboronic esters.^[@ref11]^ More recently, significant progress has been made considering the direct arylation of arenes possessing a chelating group, employing ruthenium(II) catalysts, by the groups of Oi,^[@ref12]^ Ackermann,^[@ref13]^ Maseras and Dixneuf.^[@ref14]^

An alternative method for site-selective C--H activation is utilizing the intrinsic reactivity of a given arene.^[@cit5c],[@ref15]^ In particular, studies with Pd,^[@ref16]^ Au,^[@ref17]^ and Cu^[@ref18]^ have revealed that C--H activation on fluoroarenes occurs preferentially at the most acidic C--H bond ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). Fundamental studies on Pd-catalyzed C--H arylation led to the hypothesis that the C--H cleavage is assisted by basic ligands such as carboxylates or carbonates in a concerted metalation-deprotonation.^[@ref16],[@ref19]^ The groups of Maseras and Dixneuf^[@ref14]^ and that of Ackermann^[@ref20],[@ref21]^ also reported the benefits of such additives in aiding the chelation-assisted ruthenation of arenes. Several Ru-catalyzed C--H functionalization reactions have been reported on simple arenes, including hydroarylation of alkenes and alkynes, allylation, and hydroxylation, among others.^[@ref22]^ However, C~Ar~--H arylation is currently restricted to substrates bearing DGs. Therefore, using fluoroarenes as model substrates, we set out to investigate the possibility of developing a DG-free Ru-catalyzed arylation. Here we report that benzoic acids can be used as surrogates of DGs in order to enable the C--H arylation of fluoroarenes with aryl halides. Furthermore, we report mechanistic insights concerning the C--H activation and the formal oxidative addition/reductive elimination steps as well as studies toward the understanding of an unprecedented arylation site selectivity.

![C--H Activation/Arylation of Perfluoroarenes by Pd, Au, Cu, and Ru](ja-2016-016154_0011){#sch1}

2. Results and Discussion {#sec2}
=========================

2.1. Optimization of the C--H Activation of Fluoroarenes with η^6^-Arene Ru Complexes {#sec2.1}
-------------------------------------------------------------------------------------

The H/D exchange processes can be used to explore the potential of a transition-metal catalyst toward the cleavage/formation of C--H bonds.^[@ref23]^ Given the reversible nature of the C--H metalation step often observed in ruthenium catalysis,^[@ref20],[@ref21],[@ref24]^ we decided to attempt the ruthenium-catalyzed D/H scrambling on the nonvolatile perfluorinated arene **1a**. When deuterated fluoroarene *d*~1~-**1a** (98% deuteration) was subjected to the reaction conditions described in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"} using 5 mol % of \[RuCl~2~(*p*-cymene)\]~2~ (**C1**), a net 9% of H incorporation was detected. Conversely, a control experiment in the absence of catalyst **C1** showed no scrambling. Furthermore, ^1^H and ^19^F NMR analysis of the reaction mixture ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01615/suppl_file/ja6b01615_si_001.pdf)) revealed the formation of an unprecedented \[Ru(fluoroaryl)(OPiv)(*p*-cymene)\] intermediate (**Ru1a**). This result suggests that Ru(II) complexes are able to activate C--H bonds in perfluorinated arenes, most likely involving the participation of pivalate in the metalation step.^[@ref16],[@ref19]^

We then shifted our attention to optimizing the formation of aryl-Ru complex **Ru1a** by C--H activation of **1a** with the well-defined complex \[Ru(OPiv)~2~(*p*-cymene)\] (**C2**, [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).^[@ref25]^ We screened bases aiming to suppress protodemetalation. In the absence of base or with KOPiv (entries 1 and 2), only 6% of the desired complex was detected. Examination of alkali carbonate bases (entries 3--6) showed that although the more soluble bases led to low mass recovery^[@ref26]^ the moderately soluble Na~2~CO~3~ (entry 4) afforded 25% of aryl-Ru **Ru1a** with a good balance of recovered starting pivalate complex **C2**. Raising the temperature to 120 °C and the concentration to 0.5 M (entry 7) led to the formation of **Ru1a** in 55% yield. Finally, increasing the loading of fluoroarene **1a** from 5 to 20 equiv, allowed us to isolate **Ru1a** after column chromatography in 60% yield (entry 8). This methodology was also applied to pentafluorobenzene (**1b**) and 1,2,4,5-tetrafluorobenzene (**1c**), which afforded the corresponding aryl-Ru complexes **Ru1b** and **Ru1c** in good yields (entries 9--10). The structure of **Ru1c** was further confirmed by single crystal X-ray analysis ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). A kinetic isotope effect of 2.4 was observed for the formation of **Ru1a**, in agreement with a CMD-type C--H bond cleavage ([Table S3 and Graph S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01615/suppl_file/ja6b01615_si_001.pdf)).^[@ref16],[@ref19]^

![D/H Scrambling of *d*~1~-**1a**/**1a** via **Ru1a** by Reversible C--D/C--H Activation](ja-2016-016154_0012){#sch2}

###### Optimization of the C--H Activation of Fluoroarenes with Complex **C2**[a](#t1fn1){ref-type="table-fn"}

![](ja-2016-016154_0020){#fx1}

  entry                                                                   base         **1a**--**c** (equiv)   *T* (°C)   **C2** (%)   **Ru1a**--**1c** (%)
  ----------------------------------------------------------------------- ------------ ----------------------- ---------- ------------ -----------------------------------------
  1                                                                                    **1a** (5)              90         83           6
  2                                                                       KOPiv        **1a** (5)              90         87           6
  3                                                                       Li~2~CO~3~   **1a** (5)              90         78           12
  4                                                                       Na~2~CO~3~   **1a** (5)              90         62           25
  5                                                                       K~2~CO~3~    **1a** (5)              90         20           33
  6                                                                       Cs~2~CO~3~   **1a** (5)              90         4            3
  7[b](#t1fn2){ref-type="table-fn"}                                       Na~2~CO~3~   **1a** (5)              120        33           55
  8[b](#t1fn2){ref-type="table-fn"}^,^[c](#t1fn3){ref-type="table-fn"}    Na~2~CO~3~   **1a** (20)             120        14           68 (60)[d](#t1fn4){ref-type="table-fn"}
  9[b](#t1fn2){ref-type="table-fn"}^,^[c](#t1fn3){ref-type="table-fn"}    Na~2~CO~3~   **1b** (20)             120        5            79 (75)[d](#t1fn4){ref-type="table-fn"}
  10[b](#t1fn2){ref-type="table-fn"}^,^[c](#t1fn3){ref-type="table-fn"}   Na~2~CO~3~   **1c** (20)             120        2            81 (77)[d](#t1fn4){ref-type="table-fn"}

Reaction conditions: **C2** (0.05 mmol), **1a** (5.0 equiv), and base (2.0 equiv) in 1,4-dioxane (0.2 M) under Ar at the specified temperature for 16 h; yield is determined by ^1^H NMR using 1,3,5-trimethoxybenzene as internal standard.

1,4-Dioxane (0.5 M).

**C2** (0.2 mmol, 1.0 equiv) and **1** (20 equiv) were used.

Yields in parentheses refer to isolated material.

![ORTEP diagram of **Ru1c** at 50% probability ellipsoids. Hydrogen atoms and cocrystallized CHCl~3~ have been omitted for clarity.](ja-2016-016154_0003){#fig1}

2.2. Direct Arylation of Fluoroarenes Catalyzed by η^6^-Arene-Ru Complexes {#sec2.2}
--------------------------------------------------------------------------

Having demonstrated that Ru catalysts are capable of carrying out C--H activation on electron-deficient arenes, we turned our attention to the development of a catalytic system for the C--H arylation of these substrates. Initially we investigated the direct arylation of **1a** with 4-bromoanisole (**2a**, [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). When Na~2~CO~3~ was employed with 10 mol % of \[Ru(OPiv)~2~(*p*-cymene)\] **C2**, no biaryl **3aa** was detected (entry 1). Encouragingly, when the novel complex \[Ru(OBz)~2~(*p*-cymene)\] (**C3**) was tested,^[@ref27]^**3aa** was formed in trace amounts (entry 2).

We hypothesized that a weakly coordinating terminal base may prevent the formation of low-reactivity intermediates. This led us to test tetramethylammonium perfluoro-*tert*-butoxide, which provided **3aa** in 19% yield (entry 3). The corresponding alcohol, perfluoro-*tert*-butyl alcohol, has a p*K*~a~ of 5.4,^[@ref28]^ so perfluoro-*tert*-butoxide is basic enough to deprotonate pivalic acid (p*K*~a~ 5.0).^[@ref29]^ Additionally, the low boiling point of this perfluorinated alcohol (45 °C)^[@ref28]^ results in a high concentration of the base in solution and a low concentration of its conjugated acid at the reaction temperature of 120 °C. Furthermore, our group recently reported the ability of tetramethylammonium salts as iodide scavengers in palladium-catalyzed direct arylation.^[@ref30]^ Similarly, (NMe)~4~OC(CF~3~)~3~ might be involved in catalyst regeneration via halide abstraction from a Ru--Br species. We found that among the solvents screened nitriles were the most effective with *t*-BuCN being slightly more effective than MeCN (37% yield, entry 5, compared to 34%, entry 4). Decreasing the loading of *t*-BuCN to 8 equiv increased formation of **3aa** to 46% (entry 6), presumably because of strong coordination of the nitriles to ruthenium. The addition of KOPiv (entry 7) further improved the biaryl yield to 54%. When 10 mol % of the pivalate catalyst **C2** was used in combination with a substoichiometric amount of KOBz (entry 8), **3aa** was formed in 57% yield. After an extensive screening of carboxylic acid cocatalysts ([Table S5](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01615/suppl_file/ja6b01615_si_001.pdf)), 4-fluorobenzoic acid was found to be the most suitable, leading to **3aa** in 67% yield (entry 9). Among all the benzoic acids tested, a reactivity trend could not be found, other than a negative effect of ortho substitution in the phenyl ring.^[@ref31]^

###### Optimization of the Ru-Catalyzed C--H Arylation of **1a** with Bromoanisole **2a**[a](#t2fn1){ref-type="table-fn"}

![](ja-2016-016154_0021){#fx2}

  entry                                \[Ru\]   base, additives (equiv)                               solvent       **L** (%)   **3aa** (%)
  ------------------------------------ -------- ----------------------------------------------------- ------------- ----------- -------------
  1                                    **C2**   Na~2~CO~3~ (2)                                        1,4-dioxane   26          0
  2                                    **C3**   Na~2~CO~3~ (2)                                        1,4-dioxane   41          \<1
  3                                    **C3**   (NMe~4~)OC(CF~3~)~3~ (2)                              1,4-dioxane   69          19
  4                                    **C3**   (NMe~4~)OC(CF~3~)~3~ (2)                              MeCN          99          34
  5                                    **C3**   (NMe~4~)OC(CF~3~)~3~ (2)                              *t*-BuCN      99          37
  6[b](#t2fn2){ref-type="table-fn"}    **C3**   (NMe~4~)OC(CF~3~)~3~ (2)                              *t*-BuCN      99          46
  7[b](#t2fn2){ref-type="table-fn"}    **C3**   (NMe~4~)OC(CF~3~)~3~ (2), KOPiv (0.2)                 *t*-BuCN      99          54
  8[b](#t2fn2){ref-type="table-fn"}    **C2**   (NMe~4~)OC(CF~3~)~3~ (2), KOBz (0.2)                  *t*-BuCN      99          57
  9[b](#t2fn2){ref-type="table-fn"}    **C2**   (NMe~4~)OC(CF~3~)~3~ (2.2), 4-FC~6~H~4~CO~2~H (0.2)   *t*-BuCN      99          67
  10[b](#t2fn2){ref-type="table-fn"}   **C4**   (NMe~4~)OC(CF~3~)~3~ (2.2), 4-FC~6~H~4~CO~2~H (0.2)   *t*-BuCN      14          32

Reaction conditions: **2a** (0.1 mmol), **1a** (5.0 equiv), **C2**-**C4** (10 mol %), base, and additive(s) stirred under N~2~ in a closed vessel in the specified solvent (0.5 M) at 120 °C for 16 h; yield determined by ^1^H NMR using 1,3-dinitrobenzene as internal standard.

*t*-BuCN (8.0 equiv).

2.3. Role of the η^6^-Arene Ligand and Development of a New Catalyst {#sec2.3}
--------------------------------------------------------------------

During the optimization of the reaction, we observed that nitrile solvents promoted quantitative dissociation of the *p*-cymene ligand of the ruthenium catalyst at the end of the reaction (L, [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}).^[@ref32]^ Dixneuf, Jutand, and co-workers had previously observed that a *p*-cymene ligand was necessary for the cross-coupling of cycloruthenated phenylpyridine complexes with aryl halides. Thus, they established that although \[Ru(*o*-C~6~H~4~-Py)(*p*-cymene)MeCN\]^+^ was able to react with aryl halides to form the cross-coupled biaryl the *p*-cymene-free complex \[Ru(*o*-C~6~H~4~-Py)(MeCN)~4~\]^+^ was inert under the same conditions.^[@ref24]^ In view of this precedent, we attempted to improve the efficiency of our catalytic system by using a less labile η^6^-arene-ligand such as hexamethylbenzene. We found that \[Ru(OPiv)~2~(η^6^-C~6~Me~6~)\] (**C4**) was significantly more stable under the reaction conditions as only 14% of the total C~6~Me~6~ ligand was detected as the free arene at the end of the reaction. Despite this, only 32% yield of **3aa** was detected after 16 h ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, entry 10).

This led us to hypothesize that under our reaction conditions dissociation of the arene ligand could be necessary for the reaction to take place. To test this, the kinetic profile of the reaction was examined ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [Table S7](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01615/suppl_file/ja6b01615_si_001.pdf)).^[@ref33]^ As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, when 10 mol % of the *p*-cymene-containing catalyst **C2** was employed, an induction period was observed in the formation of biaryl **3aa** (purple squares). This induction period correlated with the dissociation of the *p*-cymene ligand (black circles). ^1^H NMR analysis of the reaction mixture ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) showed rapid disappearance of the pivalate complex **C2** (5 min) with formation of several unknown *p*-cymene-containing complexes along with aryl-Ru complex **Ru1a**. More importantly, quantitative dissociation of the *p*-cymene ligand had taken place within the first 30 min of the reaction. ^19^F NMR revealed that along with **Ru1a** there formed a new aryl-Ru species which became the only detectable fluoroaryl-Ru complex after 30 min. Independent synthesis by thermal replacement of the *p*-cymene ligand of **Ru1a** with *t*-BuCN confirmed the newly formed species to be *p*-cymene-free aryl-Ru complex **Ru2a** ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}). Furthermore, the structure was confirmed by X-ray analysis of the analogous complex **Ru2c** ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, left).

![Cross-coupling of **1a** and **2a** with *p*-cymene-containing catalyst **C2** (top). Profile for the formation over time of **3aa** and free *p*-cymene, determined by ^1^H NMR analysis (bottom).](ja-2016-016154_0004){#fig2}

![Time-dependent NMR experiments (reaction conditions as [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Left-hand side. ^1^H NMR expansion of the AB system region of Ru-coordinated *p*-cymene: **C2** (blue), **Ru1a** (red). Right-hand side. ^19^F NMR expansion of fluoroaryl-ruthenium complexes region: **Ru1a** (red), **Ru2a** (green). Signal marked with † corresponds to a satellite peak of 1,3,5-trimethoxybenzene, used as an internal standard in these experiments.](ja-2016-016154_0005){#fig3}

![Synthesis of **Ru2a** and **Ru2c** by Thermal Ligand Substitution](ja-2016-016154_0013){#sch3}

These data indicate that *p*-cymene complex **C2** is able to carry out C--H activation on **1a** generating **Ru1a** in *t*-BuCN. **Ru1a**, in turn, must lose its *p*-cymene ligand forming cationic intermediate **Ru2a**, which then reacts with bromoarene **2a** to yield product **3aa** ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}). Formation of **3aa** continues after complete loss of *p*-cymene, suggesting that a nitrile-coordinated Ru(II) species lacking the *p*-cymene unit can also carry out C--H activation.

This experimental observation led us to design a η^6^-arene-free Ru(II) catalyst to simplify and potentially improve our catalytic system.^[@ref34]^ Hence, we synthesized \[Ru(*t*-BuCN)~6~\]\[BF~4~\]~2~ (**C5**) from RuCl~3~·*x*H~2~O ([Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"}). The structure of **C5** was confirmed by single-crystal X-ray analysis ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, right).

Ru complex **C5** was a suitable catalyst for the cross-coupling between **1a** and **2a** ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [Table S8](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01615/suppl_file/ja6b01615_si_001.pdf)) under analogous conditions to those previously used for the *p*-cymene complex **C2**.^[@ref33]^ Furthermore, NMR monitoring of the reaction showed no appreciable induction period in the formation of **3aa**. ^19^F NMR spectra in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} show *p***-**cymene-free **Ru2a** ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}) as the only detectable aryl-Ru species throughout the course of the reaction. Inspection of the ^19^F NMR spectrum of the reaction mixture after 30 min, using an internal standard ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01615/suppl_file/ja6b01615_si_001.pdf)), revealed that 50% of the ruthenium loaded at the beginning of the reaction was in the form of **Ru2a**, suggesting that this complex may be a resting state of the catalytic cycle.

![Synthesis of Hexakis(pivalonitrile-κ-*N*)ruthenium(II) Bis(tetrafluoroborate)](ja-2016-016154_0014){#sch4}

![ORTEP diagrams of **Ru2c** and **C5** at 50% probability ellipsoids. Hydrogen atoms and BF~4~^--^ counterion(s) have been omitted for clarity.](ja-2016-016154_0006){#fig4}

![Cross-coupling of **1a** and **2a** with *p*-cymene-free catalyst **C5** (top). Time profile for the formation of **3aa**, determined by ^1^H NMR (bottom left). Profile of the reaction with **C2** ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) showed in faded color for comparison. ^19^F NMR expansions of the aryl-Ru region of the reaction mixtures at different times (bottom right).](ja-2016-016154_0007){#fig5}

2.4. Optimization of the Direct Arylation Catalyzed by η^6^-Arene-Free Ru Catalyst **C5** {#sec2.4}
-----------------------------------------------------------------------------------------

With the more active η^6^-arene-free complex **C5** in hand, we returned to the optimization of the catalytic process ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}). Under the conditions previously used for *p*-cymene complex **C2**, the new catalyst provided 59% of **3ab** from the cross-coupling of **1a** and bromobenzene (**2b**, entry 1). Addition of a substoichiometric amount of (NMe~4~)OPiv (entry 2) resulted in 72% yield of **3ab**. Fine-tuning of the stoichiometry for each individual component of the process (entries 3--4) allowed further optimization of the arylation while lowering the catalyst loading to 4 mol %. With the optimal loadings of 3.0 equiv of **1a**, 4 mol % of **C5**, 3.0 equiv of *t*-BuCN, 0.4 equiv of (NMe~4~)OPiv, and 0.35 equiv of (NMe~4~)(4-fluorobenzoate), **3ab** was isolated in 76% yield (entry 4). The arylation is equally efficient under rigorously anhydrous conditions (entry 5), but it is not compatible with the presence of oxygen or with TEMPO (entries 6--7). Importantly, the arylation does not take place without the benzoate additive (entry 8; see below for further discussion).

2.5. Insight on the Role of the Benzoate Additive {#sec2.5}
-------------------------------------------------

To probe further the surprising role of the benzoate additive, we attempted a stoichiometric reaction between the preformed tetrafluorophenyl-Ru complex **Ru2c** and 5-bromo-*m*-xylene (**2c**) ([Scheme [5](#sch5){ref-type="scheme"}](#sch5){ref-type="scheme"}a; see also [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01615/suppl_file/ja6b01615_si_001.pdf)). Interestingly, **Ru2c** does not react with the aryl bromide unless the benzoate additive is present in the mixture. This implies that the benzoate additive is fundamental for the formal oxidative addition step but not for the metalation of the substrate. Furthermore, in stark contrast with the observations by Dixneuf and Jutand's group,^[@ref24]^ a *p*-cymene-free aryl-Ru(II) complex can react with aryl halides.^[@ref35]^ On view of these results, it is tempting to speculate that the benzoate ligand may be playing an important role in facilitating an oxidative addition or a SET process. However, further mechanistic studies will be necessary to understand its role fully.

###### Optimization of the Ru-Catalyzed C--H Arylation of **1a** with Bromobenzene **2b**

![](ja-2016-016154_0022){#fx3}

  entry                                                                **C5** (mol %)   (NMe~4~)OC(CF~3~)~3~ (equiv)   (NMe~4~)(4-FC~6~H~4~CO~2~) (equiv)   (NMe~4~)OPiv (equiv)    *t*-BuCN (equiv)  **3ab** (%)[a](#t3fn1){ref-type="table-fn"}
  -------------------------------------------------------------------- ---------------- ------------------------------ ------------------------------------ ---------------------- ------------------ ---------------------------------------------
  1[b](#t3fn2){ref-type="table-fn"}                                    10               2                              0.2                                  −                              8          59
  2[b](#t3fn2){ref-type="table-fn"}                                    10               2                              0.2                                  0.2                            8          72
  3                                                                    4                2.2                            0.6                                  0.45                           3          80
  4[c](#t3fn3){ref-type="table-fn"}                                    4                2.5                            0.35                                 0.4                            3          82 (76)[g](#t3fn7){ref-type="table-fn"}
  5[c](#t3fn3){ref-type="table-fn"},[d](#t3fn4){ref-type="table-fn"}   4                2.5                            0.35                                 0.4                            3          81
  6[c](#t3fn3){ref-type="table-fn"},[e](#t3fn5){ref-type="table-fn"}   4                2.5                            0.35                                 0.4                            3          0
  7[c](#t3fn3){ref-type="table-fn"},[f](#t3fn6){ref-type="table-fn"}   4                2.5                            0.35                                 0.4                            3          \<1
  8[c](#t3fn3){ref-type="table-fn"}                                    4                2.5                            −                                    0.4                            3          0

Yield determined by ^1^H NMR using 1,3-dinitrobenzene as internal standard.

**1a** (5 equiv).

Temperature: 115 °C.

Reaction carried out in a glovebox.

Reaction under air.

TEMPO (1.0 equiv) was added.

Yield in parentheses refers to isolated material.

To confirm the intermediacy of the fluoroaryl-Ru complexes (**Ru2**) in the reaction, the direct arylation of tetrafluorotoluene **1d** with **2c** was studied using as the catalyst complex **Ru2c**, which contains a tetrafluorophenyl unit. Even in the presence of a large excess of **1d** (30 equiv with respect to the catalyst), nearly quantitative formation of the products from arylation of tetrafluorobenzene (**3cc** and **3cc**′) was observed ([Scheme [5](#sch5){ref-type="scheme"}](#sch5){ref-type="scheme"}b; see also [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01615/suppl_file/ja6b01615_si_001.pdf)). This result strongly supports the idea that the fluoroaryl-Ru **Ru2** complex is an active intermediate in the reaction.^[@ref36]^

![Reactivity of **Ru2c** with Bromoarene **2c** under Stoichiometric and Catalytic Conditions\
Standard conditions: **2c** (0.1 mmol), **1d** (3 equiv), (NMe~4~)(4-FC~6~H~4~CO~2~) (0.35 equiv), (NMe~4~)OPiv (0.4 equiv), (NMe~4~)(OC(CF~3~)~3~) (2.5 equiv), **Ru2c** (10 mol %), and *t*-BuCN (3 equiv) stirred at 115 °C under N~2~ in a closed vessel for 16 h.](ja-2016-016154_0015){#sch5}

2.6. Scope of the Ru-Catalyzed Direct Arylation {#sec2.6}
-----------------------------------------------

With the optimal reaction conditions in hand ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}, entry 4), we explored the compatibility of our protocol with a variety of functionalities on the aryl bromide coupling partner for the arylation of pentafluorobenzene (**1b**) ([Scheme [6](#sch6){ref-type="scheme"}](#sch6){ref-type="scheme"}). The reaction works in the presence of a wide range of substituents at the ortho, meta, and para positions, affording the corresponding biaryl products **3ba**--**3bv** in moderate to excellent yields. Generally, ortho-substituted (**3be**, **3bg**, and **3bi**) and electron-poor aryl bromides (**3bj**, **3bk**, **3bn**, and **3bo**) are less reactive. Notably, sensitive functional groups such as COOMe (**3bo**), COMe (**3bn**), SMe (**3bl**), and NMe~2~ (**3bm**) as well as terminal (**3br**) and internal alkenes (**3bs**) are tolerated. Some reactivity is also observed with cyano- (**3bv**) or nitro- (**3bw**) substituents; however, −CHO and −OH groups and terminal alkynes (**3bx**--**3bz**) are not compatible with the system. (See [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01615/suppl_file/ja6b01615_si_001.pdf) for details.) In addition to aryl bromides, iodides and chlorides can also be used as coupling partners (**3bb**, **3ba**, and **3bk**), although with reduced efficiency. Conversely, pseudohalides PhOTs and PhOMs did not afford biaryl **3bb**.^[@ref38]^*o*,*o-*Disubstituted aryl halides are unreactive in our system, allowing the iodine-containing product **3bq** to be formed in good yield.^[@ref39]^ The latter could be further functionalized by other coupling reactions. Finally, bromoarenes **2a**′--**c**′, which are prone to cyclize under palladium^[@ref40]^ or base/phenanthroline^[@ref41]^ catalysis to form the five- or six-membered adducts via intramolecular C--H arylation, exhibited instead complete selectivity toward the intermolecular process (**3ba**′--**3bc**′) displaying a unique characteristic of our system.

We then turned our attention to the generality of this methodology with respect to the (fluoro)arene partner ([Scheme [7](#sch7){ref-type="scheme"}](#sch7){ref-type="scheme"}). The functional group tolerance is similar to that of the aryl bromides (**3dc**--**3ic**). Tetrafluorobenzene derivatives (**3cc**--**3kc**) displayed excellent reactivity. 1,2,4,5-Tetrafluorobenzene provided the arylated product in good yield (**3cc**, 74%) along with a small amount of bisarylation (10%), whereas both 1,2,3,5- and 1,2,3,4-tetrafluorobenzene provided exclusively monoarylation products (**3jc** and **3kc**). Interestingly, both 1,2,3,5- and 1,2,3,4-tetrafluorobenzene have been reported to undergo bisarylation under Pd catalysis.^[@ref16]^ This is also the case for 1,2,3,5-tetrafluorobenzene under Cu catalysis, whereas the 1,2,3,4- analogue was poorly reactive.^[@ref18]^ Further differences between the Ru-based system and those of Pd or Cu can be observed for the tri- and difluorobenzene series (**3lc**--**3oc**, **3uc,** and **3vc**). Symmetric 1,3,5-trifluorobenzene and 1,4-difluorobenzene did not give bis-/tris-arylation (**3lc** and **3uc**) as otherwise seen with Pd.^[@ref16]^ 1,2,4-Trifluorobenzene provided three isomers in a 1:0.95:0.13 ratio (**3mc**, **3mc**′, and **3mc**″) with 5% of bisarylated adduct (**3mc**‴), whereas both with Pd and Cu only arylation between the two fluorine atoms has been reported.^[@ref42]^ 1,2,3-Trifluorobenzene afforded two isomers in a 1:0.3 ratio (**3nc** and **3nc**′), and 1,3-difluorobenzene generated three isomers in a 1:0.63:0.25 ratio (**3vc**, **3vc**′, and **3vc**″, respectively). A less electron-deficient arene such as fluorobenzene provided only traces of its arylation product **3wc**, whereas benzene (**3xc**) was completely inert. Regioselectivity with Pd and Cu catalysts for polyfluoroarenes has been shown to correlate with the acidity of the different C--H positions.^[@cit19d],[@cit19e],[@cit18b]^ We hypothesized that the observed differences could be explained by a more pronounced influence of steric factors when using the octahedral Ru catalyst, thus making the preference for the most acidic proton less relevant in some cases. A similar behavior has been described for octahedral rhodium and iridium complexes, which display sterically controlled selectivity.^[@cit4e],[@ref43]^

![Scope of the Ru-Catalyzed Arylation of **1b** with Bromoarenes **2a**--**z**, **a**′--**c**′\
Standard conditions: bromoarene **2** (0.5 mmol), **1b** (3 equiv), (NMe~4~)(4-FC~6~H~4~CO~2~) (0.35 equiv), (NMe~4~)OPiv (0.4 equiv), (NMe~4~)(OC(CF~3~)~3~) (2.5 equiv), **C5** (4 mol %), and *t*-BuCN (3 equiv) stirred at 115 °C under N~2~ in a closed vessel for 16 h. Yields are of pure, isolated products.\
Yield evaluated by ^1^H NMR with dibromomethane as internal standard.\
Carried out with 1.0 equiv of the stated ArX instead of **2b**.\
**C5** (8 mol %), reaction time 1 h.](ja-2016-016154_0016){#sch6}

![Scope of the Ru-Catalyzed Arylation of (Hetero)Aromatics **1c**--**z**, **4**--**7** with Bromoarenes **2a**--**b**\
Standard conditions: bromoarene **2** (0.5 mmol), (fluoro)arene **1** (3 equiv), (NMe~4~)(4-FC~6~H~4~CO~2~) (0.35 equiv), (NMe~4~)OPiv (0.4 equiv), (NMe~4~)(OC(CF~3~)~3~) (2.5 equiv), **C5** (4 mol %), and *t*-BuCN (3 equiv) stirred at 115 °C under N~2~ in a closed vessel for 16 h. Yields are of pure, isolated products.\
*t*-BuCN (6 equiv).\
Reaction time was 2 h.\
**1** (10 equiv).\
**1** (5 equiv).\
See [Figures [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} and [S8](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01615/suppl_file/ja6b01615_si_001.pdf) and [Table S12](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01615/suppl_file/ja6b01615_si_001.pdf).\
Detected in traces by ^19^F NMR.\
Yields in brackets are from reactions carried out without (NMe~4~)(4-FC~6~H~4~CO~2~).\
(Hetero)arene (0.5 mmol) and bromoarene **2** (1 equiv).\
Yield determined by ^1^H NMR analysis.](ja-2016-016154_0017){#sch7}

To test this hypothesis, we decided to study substrates containing a CF~3~ substituent, a strongly electron-withdrawing group significantly more bulky than fluorine. Substrates containing both C--H bonds placed between two fluorine substituents and C--H bonds placed between a fluorine and a CF~3~ showed complete selectivity for reaction at the least hindered position (**3pc** and **3tc**). More remarkably, C--H bonds having only one *ortho*-fluorine were also preferred, with complete selectivity, over positions with both fluorine and CF~3~ (**3rc**). Finally, high selectivity was obtained for reaction ortho to a fluorine in the presence of positions with only one *ortho*-CF~3~ (**3qc** and **3sc**). In comparison, arylation of **1r** under Pd catalysis provided a mixture of **3rc** and the product from arylation between the fluorine and the CF~3~ (**3rc**′) and bisarylation (**3rc**″) in 39, 13, and 17%, respectively ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). Under Cu catalysis, the same substrate provided low yields of mixed **3rc**, **3rc**′, and **3rc**″ (10, 5, and 1%, respectively; [Table S12](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01615/suppl_file/ja6b01615_si_001.pdf)).

Heteroaromatic compounds bearing an acidic proton, such as benzo\[*b*\]thiophene and caffeine, underwent arylation under identical reaction conditions (**4b** and **5c**), proving to be unreactive when (NMe~4~)(4-fluorobenzoate) was omitted.

Substrates bearing nitrogenated directing groups were also arylated (**6**--**12**). Remarkably, these substrates did not require the benzoate additive, providing similar yields and product distributions with or without it (results in brackets in [Scheme [7](#sch7){ref-type="scheme"}](#sch7){ref-type="scheme"}).^[@ref44]^

2.7. Kinetic Isotope Effect {#sec2.7}
---------------------------

To assess the reversibility of the C--H activation without altering the arylation conditions, equimolar amounts of *d*~1~-**1a** and 2,3,5,6-tetrafluoroanisole (**1y**) were subjected to reaction with bromobenzene (**2b**) ([Scheme [8](#sch8){ref-type="scheme"}](#sch8){ref-type="scheme"}; see also [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01615/suppl_file/ja6b01615_si_001.pdf)). Biaryls **3ab** and **3yb** as well as *d*~1~-tetrafluoroanisole (*d*~1~-**1y**) and nondeuterated **1a** were detected, confirming the reversible nature of the ruthenation step.^[@ref45]^ In addition to the H/D scrambling, comparison of the arylation products **3ab** and **3yb** allowed calculation of a KIE of 2.2. This shows that the C--H activation, albeit reversible, is kinetically relevant. This was confirmed by additional experiments with **1a** and *d*~1~-**1a**, affording a KIE of 2.4 (measured in parallel experiments, [Table S11 and Graph S2](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01615/suppl_file/ja6b01615_si_001.pdf)).

2.8. Preliminary DFT Studies {#sec2.8}
----------------------------

To obtain more information on the factors influencing the Ru-promoted C--H activation, DFT was used to study the CMD-type C--H activation mechanism on several potentially relevant model Ru(II)complexes.^[@ref46],[@ref47]^ Ru(OAc)~2~(η^6^-benzene) (**M1**) was used as a model of **C2**, whereas monocationic \[Ru(OAc)(MeCN)~4~\]^+^ (**M2**) was used to model the η^6^-arene-free complex likely formed from reaction of **C5** with pivalate.^[@ref48],[@ref49]^ For both models, CMD-type transition states with pentafluorobenzene **1b** (**TS-M1** and **TS-M2**, respectively, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) were found with very similar energies (29.5 and 28.8 kcal/mol, respectively), consistent with the previous observation that both complexes are active in the C--H activation reaction (see above). Also, both aryl-Ru(II) products (**P-M1** and **P-M2**) were less stable than the starting materials, which explains the experimental requirement for a stoichiometric base to drive the process forward.

![H/D Exchange and Competition KIE Experiment\
Standard conditions: bromoarene **2b** (0.5 mmol), *d*~1~-**1a** (1.5 equiv), **1y** (1.5 equiv), (NMe~4~)(4-FC~6~H~4~CO~2~) (0.35 equiv), (NMe~4~)OPiv (0.4 equiv), (NMe~4~)(OC(CF~3~)~3~) (2.5 equiv), \[Ru(*t*-BuCN)~6~\]\[BF~4~\]~2~ (**C5**, 4 mol %), and *t*-BuCN (3 equiv) stirred at 115 °C under N~2~ in a closed vessel.](ja-2016-016154_0018){#sch8}

Regioselectivity was studied using substrate **1r** ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}; see also [Figure S13 and Table S14](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b01615/suppl_file/ja6b01615_si_001.pdf)), which has three C--H bonds with different electronic and steric properties (labeled a--c). To assess steric factors, the real system was used for these calculations. With \[Ru(*t*-BuCN)~4~(OPiv)\]^+^ (**M3-Ru**), the computed barriers for each position matched the experimental results, with the least sterically hindered position c being favored, followed by the most electron-deficient one (a, 3.5 kcal/mol higher; see data in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a). Interestingly, analogous calculations with a Pd-based system^[@ref16]^ \[Pd(OCOH)(Ph)(P(*t*-Bu)~2~Me)\] (**M3-Pd**) provided a different selectivity, favoring the most electron-deficient position a although with a lower selectivity over c (2.1 kcal/mol).^[@ref50]^ Experimentally, both Ru and Pd^[@ref16]^ catalysts provided **3rc** as the major product, resulting from mono arylation at position c. Although this was the only product obtained using Ru, a significant amount of arylation at position a ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b, products **3rc**′ and **3rc**″) was obtained with Pd.^[@ref51]^ Thus, although with some degree of inaccuracy, the calculations acceptably reproduce the observed higher trend of Pd to react at position a.

In an attempt to rationalize the observed and calculated differences in selectivity between Ru and Pd systems, we studied a deconvolution of the factors contributing to these calculated barriers. The energy barrier can be decomposed in two main contributions: (i) the energy cost of distorting each of the individual reactants to the geometry they adopt in the TS (Δ*E*~dist(ArH)~ and Δ*E*~dist(M)~ for the arene and the metal complex, respectively) and (ii) the energy gain of the interaction between the two individual distorted fragments (Δ*E*~int~).^[@ref52]^ Application of this analysis provided the deconvoluted energy data displayed in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}. For easier comparison, the relative barriers (ΔΔ*G*^⧧^) and distortion energies of the arene (ΔΔ*E*~dist(ArH)~) and interaction enegies (ΔΔ*E*~int~) are displayed in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, together with the relative deprotonation energies of the three positions of the arene (ΔΔ*E*~deprot~).

![Top: Schematic profile for the C--H activation step (ligands on Ru omitted for clarity) and calculated energies. Bottom: Optimized structures for the transition states with the *p*-cymene-containing catalyst (**TS-M1**) and the cationic η^6^-arene-free catalyst (**TS-M2**).](ja-2016-016154_0008){#fig6}

![Calculated and experimental regioselectivities for the C--H activation of **1r** with Ru or Pd catalysts.](ja-2016-016154_0009){#fig7}

With the Pd catalyst, the energy cost of distorting the arene to the TS geometry (Δ*E*~dist(ArH)~) showed a good correlation with the calculated barriers. Thus, palladation at position b had a Δ*E*~dist(ArH)~ 5.5 kcal/mol higher than palladation at position a, and ΔΔ*G*^⧧^ was 5.1 kcal/mol. For position c ΔΔ*E*~dist(ArH)~ was 3.6 kcal/mol and ΔΔ*G*^⧧^ was 2.1 kcal/mol. In both these cases, the differences in interaction energy ΔΔ*E*~int~ were comparatively small and actually favoring isomers b (−0.7 kcal/mol) and c (−0.5 kcal/mol) over a (compared to ΔΔ*E*~dist(ArH)~ = 5.5 and 3.6 kcal/mol for b and c, respectively). In summary, it can be said that the regioselectivity for this substrate with Pd catalysis was controlled by Δ*E*~dist(ArH)~.^[@cit19d],[@cit19e]^

In contrast, the behavior of the Ru-based model could not so easily be rationalized. Both Δ*E*~dist(ArH)~ and Δ*E*~int~ favored the experimentally observed metalation at position c. For position b, a relatively large contribution of Δ*E*~dist(ArH)~ was observed (ΔΔ*E*~dist(ArH)~ = 3.8 kcal/mol and ΔΔ*E*~int~ = 1.1 kcal/mol), whereas for position a, both distortion and interaction had similar contributions (ΔΔ*E*~dist(ArH)~ = 1.2 kcal/mol and ΔΔ*E*~int~ = 0.8 kcal/mol).

The trend observed for the calculated barriers leading to different regioisomers with Pd (Δ*G*^⧧^: a \< c \< b) fits that for Δ*E*~dist(ArH)~ and for the deprotonation energy of the arene (Δ*E*~deprot~, [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). This is not surprising because a large contribution to the arene distortion energy stems from the elongation of the C--H bond; thus, it is related to the heterolytic bond cleavage energy. This relationship has been observed before for Pd-catalyzed C--H activation of polyfluoroarenes.^[@cit19d],[@cit19e]^

With Ru, the correlation between Δ*G*^⧧^ and Δ*E*~dist(ArH)~ (c \< a \< b, [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}) was observed, however, this trend did not match that of Δ*E*~deprot~ (a \< c \< b), which is inherent to the arene. To explain this difference, we analyzed the extent of the geometrical distortion of the arene in the different TS structures. The elongations of the C--H bonds respect of the ground geometry were consistently larger with Pd (0.291--0.318 Å) than with Ru (0.221--0.245 Å), which fits with the higher values of Δ*E*~dist(ArH)~ calculated with Pd. For both metals, the regioisomer providing the lowest barrier was also the one with the smallest elongation. The less distorted arene in the TS with Ru is consistent with a stronger influence on the selectivity of the interaction between the arene and the cationic complex.

A higher influence of interaction could be explained by the higher steric hindrance around the Ru center compared to that around Pd, the cationic character of the Ru catalyst, or a combination of both. Clarifying the relative weights of these factors and establishing general trends requires a more extensive study.

###### Distortion and Interaction Energies for the C--H Activation of **1r** with Ru and Pd Catalysts, And Elongation of the C--H Bond at the TS Geometry[a](#t4fn1){ref-type="table-fn"}

  **TS-M3**   Δ*G*^⧧^   Δ*E*^⧧^   Δ*E*~dist(M)~   Δ*E*~dist(Ar~^F^~H)~   Δ*E*~int~   Δ*d*~C--H~
  ----------- --------- --------- --------------- ---------------------- ----------- ------------
  Ru(a)       41.5      24.8      28.6            26.9                   --30.7      0.235
  Ru(b)       44.2      28.2      29.0            29.5                   --30.4      0.245
  Ru(c)       38.0      22.3      28.0            25.7                   --31.5      0.221
  Pd(a)       32.8      21.0      21.1            34.3                   --34.4      0.291
  Pd(b)       37.9      26.3      21.6            39.8                   --35.0      0.318
  Pd(c)       34.9      24.7      21.7            37.9                   --34.9      0.313

Calculated energies in kcal/mol, and C--H elongations (referred to as the C--H distance in the arene ground state) in Å.

![Relative barriers (ΔΔ*G*^⧧^) and arene distortion (ΔΔ*E*~dist(ArH)~) and interaction (ΔΔ*E*~int~) energies for C--H activation of **1r** with Ru and Pd, compared to the deprotonation energies of **1r** (ΔΔ*E*~deprot~).](ja-2016-016154_0010){#fig8}

On the basis of our experimental and computational observations, a plausible catalytic cycle is described in [Scheme [9](#sch9){ref-type="scheme"}](#sch9){ref-type="scheme"}. The cationic ruthenium intermediate **I**, generated from precatalyst **C5** after precipitation of (NMe~4~)BF~4~ and ligand replacement by pivalate, carries out reversible C--H activation on the perfluoroarene (Ar^F^H) via concerted metalation--deprotonation (CMD). The resulting aryl-Ru species **II** becomes redox-active in the presence of the benzoate additive, undergoing a formal oxidative addition/reductive elimination step with the aryl halide. This forms the biaryl product (Ar--Ar^F^) and complex **III**, which after halide abstraction regenerates **I**, closing the cycle.

![Proposed Catalytic Cycle](ja-2016-016154_0019){#sch9}

3. Conclusions {#sec3}
==============

We have described the first ruthenium-catalyzed system capable of C--H arylation of arenes without the need for a directing group. This methodology is applicable to a wide array of (hetero)arenes bearing relatively acidic protons and presents a broad functional group tolerance. Contrary to previous reports on Pd, Cu, and Au catalysis, the metalation/arylation site selectivity on the fluoroarene seems to be governed by both electronic and steric factors.

^19^F NMR and ^1^H NMR studies have demonstrated that Ru(II)biscarboxylate(η^6^-arene) complexes are able to carry out C--H activation on arenes without a chelating group, but the resulting aryl ruthenium(II) species do not react with the electrophile unless the (η^6^-arene)-ligand is displaced by the solvent. The synthesis and characterization of unprecedented aryl-Ru(II) intermediates confirmed the spectroscopic data and led to a more effective η^6^-arene-free Ru(II) catalyst. The aryl-Ru(II) species, generated from metalation of the perfluorinated arene, reacts with aryl halides to form biaryls in both single-turnover and catalytic manners but only if a benzoate additive is present in the reaction mixture. In contrast, the benzoate additive did not have any significant effect on the results obtained with substrates having a directing group. Although further investigation is required, this suggests that the benzoic acid triggers the redox susceptibility of the ruthenated species in a fashion similar to that of ortho-metalated Ru(II) complexes.

D/H labeling experiments demonstrated the reversibility of the C--H activation under the reaction conditions. Nevertheless, KIE experiments revealed the ruthenation of the substrate to be kinetically significant.

The present catalytic system shows relevant differences in terms of regioselectivity with previously described Pd catalysts. DFT calculations suggest that the difference between both systems arise mainly from a larger relevance of steric factors in the Ru system.

Further investigations on the mechanism aimed to understand the role of action of the benzoate additive as well as kinetic and in-depth computational studies are ongoing in our laboratories.
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